Replication factor C (RFC) is a conserved eukaryotic complex consisting of RFC1/2/3/4/5. It plays important roles in DNA replication and the cell cycle in yeast and fruit fly. However, it is not very clear how RFC subunits function in higher plants, except for the Arabidopsis (At) subunits AtRFC1 and AtRFC3. In this study, we investigated the functions of AtRFC4 and found that loss of function of AtRFC4 led to an early sporophyte lethality that initiated as early as the elongated zygote stage, all defective embryos arrested at the two-to four-cell embryo proper stage, and the endosperm possessed six to eight free nuclei. Complementation of rfc4-1/+ with AtRFC4 expression driven through the embryo-specific DD45pro and ABI3pro or the endosperm-specific FIS2pro could not completely restore the defective embryo or endosperm, whereas a combination of these three promoters in rfc4-1/+ enabled the aborted ovules to develop into viable seeds. This suggests that AtRFC4 functions simultaneously in endosperm and embryo and that the proliferation of endosperm is critical for embryo maturation. Assays of DNA content in rfc4-1/+ verified that DNA replication was disrupted in endosperm and embryo, resulting in blocked mitosis. Moreover, we observed a decreased proportion of late S-phase and M-phase cells in the rfc4-1/-FIS2;DD45;ABI3pro::AtRFC4 seedlings, suggesting that incomplete DNA replication triggered cell cycle arrest in cells of the root apical meristem. Therefore, we conclude that AtRFC4 is a crucial gene for DNA replication.
INTRODUCTION
It is well known that higher plants have a remarkable life cycle that alternates between the diploid sporophyte generation and the haploid gametophyte generation. In Arabidopsis, the products of meiosis undergo two or three rounds of mitosis to produce multicellular haploid gametophytes. This is distinct from animals, whose haploid sperm and egg cells are produced directly via meiosis (Drews and Yadegari, 2002) . Double fertilization initiates after maturation of the pollen and embryo sac; this is regarded as a significant characteristic of angiosperms. During this process, one sperm cell fertilizes the haploid egg cell to generate a diploid zygote, while the second sperm cell fuses with the diploid central cell to give rise to the triploid endosperm (Dresselhaus et al., 2016) . The primary endosperm nucleus initiates mitosis soon after fertilization to form a syncytial endosperm. After about eight rounds of syncytial mitosis, cellularization of the endosperm starts from regions surrounding the embryo and proceeds toward the chalazal endosperm region. At the same time the zygote follows a series of cell division and differentiation to form a mature embryo (Smit and Weijers, 2015) .
In general, endosperm plays an essential function in nourishing the embryo and providing signals to coordinate seed maturation (Berger et al., 2006; Hands et al., 2016) . Mutation of genes involved in syncytial endosperm proliferation and endosperm cellularization always leads to embryo defects (Sørensen et al., 2002) . Thus, successful connection between the endosperm and embryo is critical for viable seed formation, and embryo development is especially dependent on endosperm development (Hehenberger et al., 2012; Lafon-Placette and K€ ohler, 2014) .
Accurate DNA replication and faithful transmission of genetic information from the parental generation to daughter cells is crucially important for all living organisms. Eukaryotes employ multiple mechanisms to maintain genome integrity, and loss of function of factors involved in DNA replication generally causes profound genome instability (Mailand et al., 2013; Johnson et al., 2016) . The first replication factor found to bind replication origins was isolated from Xenopus laevis egg extracts as part of a study to identify factors that could induce DNA re-replication in vitro (Blow and Laskey, 1988) . Since then, numerous studies have provided detailed experimental evidence leading to the establishment of a model that explains how the genome is precisely duplicated (Siddiqui et al., 2013; Deegan and Diffley, 2016) . In eukaryotes, DNA replication begins at the early G 1 phase when the origin recognition complex (ORC) recognizes and binds to the replication origin (Fragkos et al., 2015) . Then cell division cycle 6 (CDC6) and chromatin licensing and DNA replication factor 1 (CDT1) act together to recruit minichromosome maintenance (MCM) complex to form the pre-replicative complex (pre-RC) (Nishitani and Lygerou, 2002) . The assembly of pre-RC is limited to the G 1 phase, and each origin is activated only once during a single cell cycle. After the formation of pre-RC, DNA replication initiates via recruiting cell division cycle 45 (CDC45), DNA polymerases, replication protein A (RPA) and primase to the replication fork (Bleichert et al., 2017) .
During the process of DNA replication, multiple barriers or lesions may cause the collapse of the replication fork, resulting in genome instability (Yeeles et al., 2013; Zeman and Cimprich, 2014) . The homotrimeric proliferating cell nuclear antigen (PCNA) ring, which slides along the DNA and increases the processivity and speed of bound polymerases by about 5000-fold and 100-fold, respectively, acts as a key component of the DNA replication and repair machinery (Bowman et al., 2005; McInerney et al., 2007; Yao et al., 2009; Kelch, 2016) . It also acts as a docking platform for proteins participating in cell cycle regulation and DNA repair (Gazy and Kupiec, 2012) . Various functions of PCNA cannot be realized without the assistance of replication factor C (RFC) complex that persistently loads the PCNA clamp onto the primer-template junction throughout the process of DNA replication and removes the PCNA ring from fully replicated DNA (Kubota et al., 2013; Kelch, 2016) .
Replication factor C, which consists of five unique proteins (RFC1/2/3/4/5) was first discovered in a study of DNA replication in simian vacuolating virus 40 (SV40) (Tsurimoto and Stillman, 1989) . The RFC subunits assemble in a circular arrangement via tight interactions between their Cterminal domains (Kelch et al., 2012) . In yeast, all five RFC subunits share high similarity in protein sequence, and disruption of any RFC subunit leads to S-phase arrest of the cell cycle (Cullmann et al., 1995) . Yeast ScRFC2-ScRFC5 are also indispensable for S-phase checkpoint regulation and DNA repair (Sugimoto et al., 1996; Noskov et al., 1998; Shimomura et al., 1998; Shimada et al., 1999; Naiki et al., 2000; Kim and Brill, 2001) . In Drosophila, mutation of DmRFC4 causes striking defects in DNA replication and checkpoint control (Krause et al., 2001) . In human, knockdown of hRFC3 and hRFC4 significantly decreases cancer cell proliferation, thus levels of hRFC3 and hRFC4 could be used as markers in cancer diagnosis (Arai et al., 2009; Yao et al., 2015) . In Aspergillus nidulans, mutation of AnRFC1 causes increased mitotic recombination and mutation, indicating that AnRFC1 is also essential for DNA replication and repair of UV damage (Kafer and Chae, 2008) . In yeast and human, there are three additional RFC-like complexes, in which Elg1, Ctf18 or Rad24 replaces RFC1 and assembles into RFC-like complexes with the four RFC2/3/4/ 5 subunits. Rad24-RFC plays a pivotal role during the early stages of the checkpoint control response by loading the Rad17/3/1 clamp onto the DNA lesions (Rouse and Jackson, 2002) . Ctf18-RFC is essential for sister chromatid cohesion, S-phase checkpoint response and telomere stability (Pan et al., 2006) . The Elg1-RFC complex participates in maintaining genome stability by unloading PCNA after the ligation of Okazaki fragments (Johnson et al., 2016) .
In Arabidopsis, the RFC complex is also encoded by five unique genes, named AtRFC1/2/3/4/5. AtRFC1 plays an essential role in mediating genome stability and transcriptional gene silencing (Liu et al., 2010) . Other studies have shown that AtRFC1 also participates in meiotic homologous recombination (Wang et al., 2012; Liu et al., 2013) . AtRFC3 is involved in negative regulation of systemic acquired resistance (Xia et al., 2009) .
Although great progress has been made in revealing the biological functions of RFC complex in recent decades, little is known about the importance of RFC genes in higher plants, especially RFC2, RFC4 and RFC5. Here, we demonstrate that AtRFC4 is indispensable for maintaining cell division in embryo cells and endosperm free nuclei. Loss of function of AtRFC4 causes severe DNA replication defects, not only in early embryo and endosperm free nuclei, but also in seedlings, leading to seed abortion and seedling lethality, respectively. In addition, as a partially complemented line of rfc4-1/+, rfc4-1/-FIS2;DD45;ABI3pro::AtRFC4 (rfc4-1/-FDA hereafter) was used to investigate the role of AtRFC4. We found that S-phase progression was dramatically inhibited in root tips of the rfc4-1/-FDA seedlings.
Based on these results, we conclude that AtRFC4 is a crucial gene for DNA replication.
RESULTS

Knockout of AtRFC4 seriously inhibits division of embryo cells and endosperm free nuclei
To investigate the function of AtRFC4 in Arabidopsis we obtained two T-DNA insertion mutants, rfc4-1 (also known as em1969; Tzafrir et al., 2004) and rfc4-2, from the Arabidopsis Biological Resource Center (ABRC). We designed primers to identify their precise insertions and found that the T-DNAs of rfc4-1 and rfc4-2 were located in the third and second introns of AtRFC4 gene, respectively ( Figure 1a ). Through genotypic analysis in progenies of the two mutants (n > 100 per line), we obtained wild-type and heterozygous plants ( Figure 1c ) and observed no developmental defects in vegetative growth of rfc4-1/+ and rfc4-2/ +. The mature siliques possessed white ovules with a frequency of 24.54% and 24.29%, respectively (Figure 1b, d) .
Reciprocal crosses between mutants and the wild type revealed that the viability of gametophytes was not affected (Table S1 in the online Supporting Information). These results confirmed that mutations in AtRFC4 lead to the lethality of homozygous progenies. To verify that the phenotypes were due to mutation of AtRFC4, complementation assay was performed by transforming the full-length genomic fragment of AtRFC4 into rfc4-1/+ and rfc4-2/+ plants, respectively, and we found that seed abortion in the complemented lines was rescued (Figure 1b-d) , indicating that mutation of AtRFC4 is responsible for the defective phenotypes of rfc4-1/+ and rfc4-2/+ mutants. Then the detailed ovule phenotypes of rfc4-1/+ and rfc4-2/+ were investigated. Compared with wild-type embryos at 4 days after pollination (DAP), which had developed to late globular or heart stage, 24.08% of embryos in rfc4-1/+ and 25.51% in rfc4-2/+ were arrested at the two-to four-cell embryo proper stage (Table 1) . This is consistent with the seed abortion rates of the two mutants. At the same developmental stage, the aborted ovules in rfc4-1/+ and rfc4-2/+ had far fewer endosperm free nuclei than the wild type ( Table 2 ), indicating that embryo and endosperm development were severely repressed. Moreover, we observed the development of embryo and endosperm via cytological analysis (Figure 2a-l) . At the elongated zygote stage, the endosperm free nuclei in mutants had only undergone one or two division cycles (Figure 2e, i) . At the one-celled embryo proper stage, there were no more than eight free nuclei (Figure 2f,j) , while at the two-to four-cell embryo proper stage most endosperm free nuclei of mutants no longer divided (Table 2, Figure 2g ,k). Furthermore, the syncytial endosperm nuclei exhibited unequal sizes, with tiny nuclei surrounding a large one (Figure 2g , h,k,l; arrowheads). These results indicate that seed abortion occurred as early as the elongated zygote stage. Finally, all aborted ovules in mutants arrested at the twoto four-cell embryo proper with six to eight endosperm free nuclei, suggesting that AtRFC4 plays a crucial role in maintaining mitosis in early embryo cells and endosperm free nuclei. 
RFC4 is conserved in eukaryotes
To investigate the conservation of the RFC4 protein among eukaryotes, we aligned the full-length amino acid sequences of AtRFC4 and its homologs from other eukaryotes. AtRFC4 exhibits high amino acid sequence identity with its homologs and contains seven conserved motifs, named Box II to Box VIII ( Figure S1a ). Further phylogenetic analysis revealed that RFC4 is widespread in eukaryotes, including in higher plants such as Oryza sativa, Zea mays and Nicotiana tabacum ( Figure S1b ). To further study the conservation of AtRFC4 at the secondary structure level we constructed a three-dimensional structure of it based on its homolog ScRFC2 (Figure s1c,d) . Although AtRFC4 only shares 50% amino acid sequence identity with ScRFC2 the model suggests that the two proteins exhibit extremely high similarity in secondary structure, providing further evidence that RFC4 is conserved in eukaryotes.
AtRFC4 is expressed extensively in vegetative and reproductive tissues and AtRFC4 protein is localized mainly in the nucleus To investigate the temporal and spatial expression pattern of AtRFC4, we detected the transcripts of AtRFC4 in various tissues via quantitative (q)RT-PCR assay and in situ hybridization and found that AtRFC4 is widely expressed in all tissues examined, with relatively high expression in roots, seedlings and immature siliques ( Figure S2 ). The transcripts of AtRFC4 could also be detected in early endosperm free nuclei and embryo cells at different developmental stages (Figure 3a-h ), implying that AtRFC4 may function in multiple developmental stages of Arabidopsis.
To further study the subcellular localization of AtRFC4 protein we constructed vectors expressing AtRFC4-EGFP fusion proteins under control of the 35S promoter and EZ, ovules at elongated zygote stage; 1-cell, ovules at one-cell embryo proper stage; 2/4-cell, ovules at two-to four-cell embryo proper stage; AEN, the average endosperm free nuclei in single ovule; n, total number of ovules examined. 
AtRFC4 functions simultaneously during both endosperm and embryo development
To investigate whether there is a relationship between the arrested division of the embryo and a reduced number of endosperm free nuclei, promoters of genes specifically expressed in endosperm or embryo were used to drive AtRFC4 expression in the rfc4-1/+ mutant and rescue its defective phenotypes. FIS2 is specifically expressed in central cells and syncytial endosperm (Luo et al., 2000) , and the transcripts of DD45 could only be detected in egg cells and embryonic cells until the globular embryo stage (Steffen et al., 2007; Sprunck et al., 2012) . The expression of ABI3 begins at the globular stage and remains active throughout embryo development (Parcy et al., 1994; Devic et al., 1996; Candela et al., 2011) . We found that seed abortion rates of these complemented lines were similar to rfc4-1/+ ( Figure S2a Figure S4 ). Therefore, we conclude that AtRFC4 plays roles in both endosperm and embryo simultaneously, and the proliferation of endosperm is critical for embryo maturation.
Loss-of-function of AtRFC4 severely affects DNA replication in embryo and endosperm
In yeast and human, the main function of the RFC complex is opening the sliding DNA clamp and loading it onto the primed DNA throughout the DNA replication process (Kelch, 2016) . To investigate whether DNA replication is impaired in aborted ovules of the rfc4-1/+ mutant, we evaluated the DNA content of embryo cells and endosperm free nuclei in wild-type and aborted rfc4-1/+ ovules by propidium iodide (PI) staining (Figure 5a,b) . At the elongated zygote stage, the ratio of 2C embryo nuclei and 3C endosperm nuclei in rfc4-1/+ was higher than in the wild type (Figure 5c ,d), while 6C endosperm nuclei could not be detected at the one-cell or two-to four-cell embryo proper stage of rfc4-1/+ 4C embryo nuclei. These results suggest that AtRFC4 is an indispensable factor for DNA replication in endosperm free nuclei and embryo cells.
Mitotic division is reduced in the RAM of rfc4-1/-
FDA seedlings
To investigate the role of AtRFC4 in cell division, we analyzed the phenotype of rfc4-1/-FDA seedlings. It was found that their primary roots were obviously shorter than wildtype ones (Figure 6a ,b) and no longer grew at 6 DAG. A minor proportion of rfc4-1/-FDA seedlings had one or three cotyledons (Figure 6a ), indicating that defects of cotyledon differentiation were not completely rescued. In rfc4-1/-FDA seedlings the expression of AtRFC4 was significantly decreased, thus they could be used as material for further evaluating the role of AtRFC4 in DNA replication and cell division ( Figure 6c ). It was found that the root apical meristem (RAM) in rfc4-1/-FDA seedlings was shorter than in the wild type (Figure 6d -f) and there were a large number of dead cells in RAM region (Figure 6e ). In addition, the number of root tip cells of rfc4-1/-FDA seedlings was only onethird of that in the wild type ( Figure S5 ), suggesting that cell division was dramatically inhibited in rfc4-1/-FDA . Then we detected the mitotic activity of rfc4-1/-FDA seedlings, and found that although there were no obvious differences in the chromosome separation behaviors of mitotic phase cells between wild-type and rfc4-1/-FDA seedlings (Figure S6, Table S2 ), the number of mitotic cells was dramatically reduced in the RAM of rfc4-1/-FDA seedlings ( Figure 6g ). Therefore, the shorter primary root of rfc4-1/ -FDA seedlings was due to suppressed cell division and reduced cell viability in RAM, suggesting that AtRFC4 is extremely important for maintaining cell division during seedling development.
AtRFC4 is essential for DNA replication during mitosis and endoreplication
To investigate the role of AtRFC4 in DNA replication and the cell cycle, we examined the transcriptional response of AtRFC4 to five cell cycle inhibitors in wild-type Arabidopsis suspension cells. Mimosine arrests mitotic cells at the late G 1 phase by affecting deoxynucleotide metabolism (Wang et al., 2000) . Roscovitine is a cyclin-dependent kinase inhibitor, and blocks the cell cycle at the G 1 -to-S phase transition (Chandrasekharan et al., 2003) . Hydroxyurea (HU) is a reversible inhibitor of ribonucleotide reductase, and HU treatment depletes nucleotide pools and blocks entry into S phase (Kalhorzadeh et al., 2014) . Aphidicolin treatment results in S-phase arrest through direct inhibition of DNA polymerases (Vesela et al., 2017) . Nocodazole is a microtubule-disrupting drug that can block the G 2 -to-M phase transition (Parsels et al., 2016) . When treated with roscovitine, HU and aphidicolin, the transcripts of AtRFC4 increased significantly, but AtRFC4 expression decreased when treated with mimosine. When treated with nocodazole, the expression of AtRFC4 did not change ( Figure S7a ). These results suggest that AtRFC4 might be involved in G 1 phase, S phase and G 1 -to-S phase transitions but not in M phase. Furthermore, when treated with HU, the growth inhibition of primary roots in the wild type was more obvious than in rfc4-1/-FDA , and the primary root lengths of HU-treated wild-type plants were very similar to those of rfc4-1/-FDA ( Figure S7b,c) . Considering the function of HU in blocking DNA replication, we speculate that the suppression of primary root growth in rfc4-1/-FDA seedlings is probably caused by replication defects. Ethynyl deoxyuridine (EdU) is an analog of thymidine that can be incorporated into the chromosome during DNA replication and is commonly used to label S-phase cells (Hayashi et al., 2013) . Two distinct patterns of EdU fluorescence, whole and speckled, can be used to distinguish nuclei undergoing DNA replication at the early and late S phase, respectively. To determine whether downregulation of AtRFC4 in rfc4-1/-FDA seedlings affects DNA replication, we carried out EdU staining in root tips of revealing that the defect of DNA replication leads to arrest of the cell cycle. Therefore, AtRFC4 is a critical factor for DNA replication in Arabidopsis. In general, the DNA replication defect leads to endoreplication, a special cell cycle in which DNA replication take place but no cytokinesis occurs (Castellano et al., 2004) . To investigate whether the S-phase cells in rfc4-1/-FDA seedlings enter endoreplication, flow-cytometry analysis on primary roots of wild-type and rfc4-1/-FDA seedlings was performed. In rfc4-1/-FDA , the proportion of 8C and 16C nuclei was lower than in the wild type, while the proportion of 2C nuclei increased (Figure 8a-c) . Moreover, the 4C/ 2C ratio ( Figure 8d ) and endoreplication index (Figure 8e ) decreased. All these results indicate that endoreplication was suppressed in rfc4-1/-FDA seedlings. Thus, a large number of cells in rfc4-1/-FDA seedlings were blocked when entering S-phase or late S-phase rather than entering endoreplication.
To further clarify the connection between cell cycle inhibition in rfc4-1/-FDA seedlings and genes participating in DNA replication ( Figure S8a ) as well as cell cycle control ( Figure S8b) , we investigated the expression levels of DNA replication-related and cell cycle-related genes in rfc4-1/ -FDA seedlings. Most of these genes, including AtORC5/6, AtMCM2-7, AtCDT1, AtCDC6, AtCDC45, AtPCNA1/2, DNA polymerase genes, CYCD family and CDKB family genes, exhibited decreased expression in the rfc4-1/-FDA seedlings compared with the wild type ( Figure S8 ). Three RFC complex genes, AtRFC2, AtRFC3 and AtRFC5, were also clearly downregulated in rfc4-1/-FDA seedlings. Only three genes, AtORC3, which encodes an ORC complex protein (Siena et al., 2016) , AtE2Fc, which acts as a repressor of cell proliferation by downregulating early S-phase genes (del Pozo et al., 2002) , and AtRAD51, which is involved in homologous recombination (HR)-mediated DSB repair (Weimer et al., 2016) , exhibited increased expression. These results suggest that the transcriptional changes of the DNA replication-related and cell cycle-related genes is consistent with the suppression of DNA replication and the cell cycle in rfc4-1/-FDA seedlings, indicating that AtRFC4 participates in cell cycle events in Arabidopsis by affecting S-phase entry and DNA replication.
DISCUSSION
Loss of function of AtRFC4 only affects the maintenance of the sporophyte generation, but not gametophyte development in rfc4-1/+ and rfc4-2/+ mutants
In the past few decades, numerous studies have provided a detailed cytological description of meiosis. Generally, loss of function of genes involved in sister chromatid cohesion, homologue synapsis, double-strand break (DSB) repair and chromosome segregation always lead to failed meiosis (Liu and Qu, 2008) . In Arabidopsis, dysfunction of AtRFC1 results in impaired female and male fertility due to failure of DSB repair (Liu et al., 2013) . Genetic analyses indicated that AtRFC1 acts in the MSH4-dependent interference-sensitive pathway for the formation of crossovers, supporting the theory that lagging strand synthesis is probably critical for double Holliday junction formation (Wang et al., 2012) . Additionally, downregulation of AtCDC45, whose homolog in yeast plays an important role in DNA synthesis and initiation of mitosis, results in failure of meiosis during gametophyte development (Zou and Stillman, 2000; Stevens et al., 2004) . Thus, DNA synthesis may play a crucial role in meiotic homologous recombination during gametophyte development in Arabidopsis. Several genes crucial for DNA synthesis or mitotic cell cycle progression during Arabidopsis gametophyte development have been identified. AtCDKA;1 encodes an A-type cyclin-dependent kinase, whose homolog in yeast acts as a key regulator for both G 1 /S and G 2 /M transitions (Hindley and Phear, 1984; Lorincz and Reed, 1984) . In the cdka-1 mutant, pollen failed to accomplish the second mitosis, leading to pollen grains consisting of a single sperm-like cell and a vegetative cell (Iwakawa et al., 2006) . Two cyclindependent kinase-activating kinases, AtCDKD;1 and AtCDKD;3, that function upstream of AtCDKA;1 (Umeda et al., 1998 (Umeda et al., , 2005 , were recently found to be essential for maintaining subsequent mitosis during gametophyte development (Takatsuka et al., 2015) . MCM7 is a highly conserved DNA replication licensing factor in eukaryotes (Springer et al., 1995) . Mutation of AtMCM7 resulted in the arrest of 50% of the embryo sacs at the four-nucleate stage (Springer et al., 2000) . Thus, DNA replication and a functional cell cycle are fundamental to gametophyte development.
In our study, we found that AtRFC4 participates in DNA replication and mitosis (Figures 5-8) . However, rfc4-1/+ and rfc4-2/+ mutants showed no defects in the gametophyte (Table S1 ). Why does AtRFC4 function in maintenance of sporophyte generation but not in gametophyte development? There are two possible explanations for this. The most likely reason is that residual mRNA or AtRFC4 protein derived from the pollen mother cell and the functional megaspore is sufficient to support several rounds of mitosis before maturation of the gametophyte. This is consistent with our observation in rfc4-1/+ and rfc4-2/+ that the zygote and the primary endosperm cell could undergo two to four rounds of mitosis (Figure 2 ). Another possible explanation is that other genes involved in DNA replication and mitosis may function redundantly with AtRFC4 during gametophyte development.
AtRFC4 functions simultaneously in both endosperm and embryo development
Once endosperm division or cellularization is impaired in Arabidopsis, embryo development is generally affected (Sørensen et al., 2002) . For example, mutants of the FIS-PRC2 complex fail to initiate endosperm cellularization and their embryos arrest at the heart stage (Chaudhury et al., 1997; Grossniklaus et al., 1998; Luo et al., 2000; Ingouff et al., 2005) . In the fis2 mutant, when isolated and cultivated in vitro, the defective embryos can develop normally, strongly suggesting that embryo arrest is caused by a failure of endosperm cellularization (Hehenberger et al., 2012) . Thus, timely and correct development of endosperm is especially important for Arabidopsis seed development (Hands et al., 2016) .
In this study, we demonstrated that knockout of AtRFC4 results in severe retardation of embryo cell proliferation and division of syncytial endosperm free nuclei (Figure 2 , Tables 1 and 2 ). Moreover, we found that AtRFC4 functions simultaneously in endosperm and embryo, and its role in endosperm is critical for embryo maturation. This is consistent with the conclusions of a previous study, in which restoration of endosperm cellularization in fis2 seeds by suppressing AGL62 could promote embryo development (Hehenberger et al., 2012) . Therefore, we conclude that the roles of AtRFC4 in endosperm and embryo development are simultaneous and equally important.
Considering that AtRFC4 functions in DNA replication and the cell cycle we speculate that embryo and endosperm probably share similar components during DNA replication and cell division. This is supported by a series of reports on replication-associated proteins in Arabidopsis. For example, knockout of AtORC2, which may function in initiation of DNA replication, led to the embryo sac containing up to eight embryo cells and only about four endosperm free nuclei (Collinge et al., 2004) . The MCM2-7 complex acts as a DNA helicase ahead of the replication machinery. In Arabidopsis, disruption of any AtMCM2-7 gene results in abnormal embryo cytokinesis and enlarged endosperm free nuclei (Ni et al., 2009; Herridge et al., 2014) . It was also reported that AtPOL2a and AtPOL2b encode catalytic subunits of Arabidopsis DNA pol e. No embryo defects are observed with loss of function of AtPOL2b, while mutation of AtPOL2a leads to embryo defects in the early globular stage. However, in double mutants of the two genes, embryos arrest mainly at zygote stage and the endosperm nuclei either do not divide or divide only once (Jenik et al., 2005) . Knockout of AtDPB2, a gene encoding the regulatory subunit of Arabidopsis DNA pol e, gave rise to a severe reduction in nuclear divisions of both embryo and endosperm (Ronceret et al., 2005) . Therefore, embryos and endosperm are very likely to share a commonly used DNA replication system.
AtRFC4 is indispensable for DNA replication
In eukaryotes such as yeast and fruit fly, the RFC complex participates in DNA replication by persistently loading PCNA clamps onto the primer-template junction (Kelch, 2016) . Mutation of ScRFC1 resulted in delayed progression of the S phase or even cell cycle arrest, and neither mitosis nor new rounds of DNA synthesis were observed in its mutant cells (Howell et al., 1994; McAlear et al., 1996) . Loss of function of ScRFC2/3/4/5 resulted in pronounced replication defects (Sugimoto et al., 1996; Naiki et al., 2000) . In Drosophila, mutations of DmRFC4 led to a significant decrease in the number of cells undergoing DNA replication throughout the larval neuroblasts, suggesting a critical role for DmRFC4 in DNA replication. Moreover, the mitotic cells of I(3)Rfc4 e18 and I(3)Rfc4 e20 mutants exhibited prematurely condensed chromosomes or chromosomal bridges/ breaks. When DNA replication is impaired, DmRFC4 can arrest cell cycle progression prior to entry into mitosis, suggesting that DmRFC4 also plays an essential role in the cell cycle checkpoint (Krause et al., 2001) . In Arabidopsis, a G to A mutation in the C-terminus of AtRFC1 led to reduced telomere length, a delayed cell cycle and an increased frequency of somatic homologous recombination (Liu et al., 2010) . In this study we found that a large number of root tip cells in rfc4-1/-FDA seedlings were blocked at S phase ( Figure 7 ) and showed no defect during chromosome segregation of the mitotic phase ( Figure S6) , suggesting that the cell cycle checkpoint in rfc4-1/-FDA may work, which is different from the function of DmRFC4 in cell cycle control. Furthermore, the expression of genes involved in DNA replication decreased significantly in rfc4-1/-FDA seedlings ( Figure S8 ). Among these genes, CDT1
and CDC6 are essential genes for DNA replication licensing in all eukaryotes. In Arabidopsis, downregulation of AtCDT1a and AtCDT1b affects both nuclear DNA replication and plastid division via increased endoreduplication (DePamphilis, 2003) . AtCDT1a is also required for gametophyte development (Domenichini et al., 2012) . Overexpression of AtCDC6a leads to increased DNA ploidy in somatic cells, implying that AtCDC6a is critical for maintaining endoreplication (Castellano et al., 2001) . AtPOLA1 (also known as INCURVATA2) encodes the catalytic subunit of DNA polymerase a and loss of function of the gene leads to zygotic lethality (Barrero et al., 2007) . Genes involved in G 1 -to-S and G 2 -to-M phase transitions were also downregulated in rfc4-1/-FDA seedlings. For example, AtCYCD1;1 and AtCYCD3;1/2/3 are pivotal for the G 1 -to-S phase transition in Arabidopsis. Two cyclin-dependent kinase genes, AtCDKB2;1 and AtCDKB2;2, are essential for the G 2 -to-M phase transition and function redundantly in the cell cycle during shoot meristem development (Andersen et al., 2008) . The decreased expression of these genes might be involved in the DNA replication defect and blocked cell cycle progression in the rfc4-1/-FDA seedlings.
Recently it was verified that loss of function of replicative DNA polymerase e (Pol e) led to a prolonged S phase in Arabidopsis (Pedroza-Garcia et al., 2016; Pedroza-Garc ıa et al., 2017) , indicating that Pol e participates in DNA replication and replication stress response. This implies that there may be potential connections between AtRFC4 and Pol e. It was reported that cell cycle blocks provide sufficient time for damage repair (van Vugt and Yaffe, 2010) ; only after all DNA defects have been repaired will the cell cycle start again. It is known that ataxia telangiectasia-mutated protein (ATM) primarily responds to DSBs, while ataxia telangiectasia and Rad3 related protein (ATR) responds to DNA damage and replication fork stall (Awasthi et al., 2015; Yazinski and Zou, 2016) . The decrease in transcripts of ATM and ATR indicates that the DNA repair pathway might be inhibited in rfc4-1/-FDA seedlings. Arabidopsis radiation sensitive 51 (AtRAD51) is an essential recombinase for both mitotic and meiotic HR repair (Weimer et al., 2016) . The expression level of AtRAD51 increased dramatically in rfc4-1/-FDA seedlings, implying that the HR repair pathway might be activated. These studies indicated that participation in DNA replication should be the most important and conserved function of the RFC complex in eukaryotes. Human and yeast cells utilize alternative clamp loaders to carry out specific clamp-related functions apart from DNA replication. The three clamp loaders, RAD24-RFC (RAD17-RFC in human), CTF18-RFC and ELG1-RFC, are responsible for DNA damage response, sister chromatid adhesion and genome stability, respectively (Kelch, 2016) . However, it is not yet clear whether similar mechanisms exist in higher plants. We speculate that the roles of RFC subunits in higher plants might be more complex. For example, AtRFC1 is crucial for DNA DSB repair during meiosis (Wang et al., 2012; Liu et al., 2013) , AtRFC3 is involved in negative regulation of systemic acquired resistance (Xia et al., 2009) , while in our study, AtRFC4 participates in DNA replication.
In conclusion, AtRFC4 is indispensable for maintaining division and is required for DNA replication. This work can help us to understand the molecular mechanism of the function of the RFC complex in DNA replication in higher plants.
EXPERIMENTAL PROCEDURES Plant materials and plant growth conditions
Arabidopsis thaliana Columbia-0 (Col-0) was used as the wild type. The rfc4-1/+ (CS16161) and rfc4-2/+ (SALK_049715) mutants were obtained from the ABRC stock center. All plants were cultivated in a greenhouse with a 16-h light and 8-h dark cycle at 22°C.
For resistant screening of the transgenic lines, seeds were surface sterilized and plated on MS medium with 3% sucrose and 0.6% agar. The plates were treated for 2 days in the dark (4°C) and then continue to cultivate in a grow chamber at 22°C.
Complementation analysis of AtRFC4 mutation and AtRFC4 ectopic expression assay
To complement the defects of rfc4-1/+ and rfc4-2/+, the fulllength genomic fragment of AtRFC4 including the region from its promoter to the 3 0 untranslated region (UTR) was cloned into a pCambia1300 vector, and then introduced into rfc4-1/+ and rfc4-2/+ mutants using the floral dip method (Clough and Bent, 1998) .
To rescue the phenotypes of endosperm or embryo in the rfc4-1/+ mutant, specific vectors driving AtRFC4 in endosperm or embryo were constructed. Firstly, the full-length open reading frame of AtRFC4 was inserted into the mpCambia1300 vector with BamHI to generate the 35S::AtRFC4 construct. Then FIS2pro was amplified to replace the 35S promoter. Meanwhile, DD45pro and ABI3pro were used to construct DD45pro::AtRFC4-NOST and DD45;ABI3pro::AtRFC4-NOST. All constructs were transferred into the rfc4-1/+ mutant. The transgenic plantlets were screened until homozygous transgenic lines were obtained. Then these lines were used for subsequent analysis. Primers used in the experiments are listed in Table S3 .
Whole-mount ovule clearing
To observe the phenotypes of early endosperm and embryo, fresh siliques were carefully dissected. The dissected siliques at 1-2 and 3-4 DAP were fixed on ice in FAA (ethanol:distilled water:acetic acid:formaldehyde, 10:7:2:1) for 30 min and 15 min, respectively, and then rinsed three times with distilled water. The fixed ovules were isolated and transferred into Hoyer's solution (chloral hydrate:glycerol:distilled water, 8:1:2) for at least 30 min. Afterwards, the cleared ovules were observed and photographed under an Olympus FluoView FV1000 microscope (https://www.olympus-lifescience.com/). Endosperm free nuclei were observed through an ovule autofluorescent method as described (Li et al., 2017) .
Quantitative RT-PCR
For the expression pattern of AtRFC4, qRT-PCR was carried out as described (Zhong and Simons, 1999) and the data were analyzed according to a method described in Ma and Zhao (2010) . For differential expression of the genes in rfc4-1/-FDA seedlings the DDCt method was used to calculate the relative expression levels of genes (Pfaffl, 2001) . GAPDH was used as the internal gene to normalize the expressions of genes in various samples. Three or more independent biological replicates and three technical replicates of each sample were performed for quantitative PCR analysis. Primers used in the experiments are listed in Table S3 .
RNA in situ hybridization
To detect the expression of AtRFC4 in embryo and endosperm, wild-type ovules at different developmental stages were isolated and embedded as described (Deng et al., 2014) . The probes used in this study were generated via PCR amplification, and the steps of in vitro transcription and purification were performed according to the procedures of a DIG RNA Labeling Kit (SP6/T7; Roche, http://www.roche.com). The steps of in situ hybridization were performed as described (Brewer et al., 2006; Deng et al., 2014) . Afterwards, the samples were observed and photographed under an Olympus BX60 microscope with an Olympus DP72 CCD.
Treatment assay of cell cycle inhibitors
To study the transcriptional response of AtRFC4 to cell cycle inhibitors, suspension cells (Gao et al., 2014) were cultured at 23°C, 130 rpm for 7 days (MS liquid medium supplemented with 3% w/v sucrose, 2.5 mg L À1 NAA, 0.05 mg L À1 kinetin, 0.4 mg L À1 thiamine, 100 mg L À1 inositol, with pH adjusted to 5.7 using 1 M KOH), and then each culture was treated with mimosine (300 lM, Sigma, http://www.sigmaaldrich.com/), roscovitine (50 lM, Sigma), aphidicolin (10 lM, Sigma), HU (1 mM, Aladdin, http://www.aladdin-e.c om/zh_cn/) and nocodazole (40 ng ml
À1
, Sigma) for 24 h, respectively. Then total RNA of the samples was isolated. At least three independent biological replicates and three technical replicates of each sample were used for qRT-PCR analysis. Primers used in the experiments are listed in Table S3 .
For the DNA damage assay, seeds were surface sterilized and transplanted onto the MS agar plates containing HU (2.5 mM; Aladdin). They were incubated vertically for an additional 5-7 days and then the lengths of their primary roots were measured using Digimizer 4.2 software.
Cell viability assay and DNA ploidy analysis
To investigate the cell viability of root tip cells, the primary roots of 5-DAP seedlings were stained with PI (40 lg ml À1 ). Afterwards, the root tips were photographed through an Olympus FluoView FV1000 confocal microscope.
To examine DNA ploidy in endosperm and embryo of wild type and aborted rfc4-1/+ ovules, whole-mount seed DNA staining was performed as previously described (Baroux et al., 2007) . The DNA content in the embryo nucleus of wild-type ovules was defined as 2C or 4C according to the fluorescence intensity, then the fluorescence intensity of embryo and endosperm in rfc4-1/+ ovules was measured and converted to DNA ploidy according to this standard.
For flow cytometry analysis, three or more samples were used with each sample containing at least 10 000 nuclei isolated from the primary roots of 5-DAG seedlings. Isolation of nuclei and flow cytometry analysis were performed with a Beckman flow cytometer according to a reported method (Li et al., 2017) . The endoreplication index (EI) was calculated using the following equation: EI = (0 9 % 2C) + (1 9 %4C) + (2 9 %8C) + (3 9 %16C) (Sterken et al., 2012) .
Staining with EdU staining and determination of the mitosis index
To detect the S phase in primary roots of partially complemented rfc4-1/-FDA seedlings, the EdU incorporation assay was performed as previously described, with slight modifications (Vanstraelen et al., 2009; Zhou et al., 2010) . The whole seedlings were incubated for 1 or 2 h in EdU (50 lM) prepared with MS medium at 22°C. The reaction steps were performed according to the procedures of a Cell-Light EdU Apollo 488 In Vitro Imaging Kit (RiboBio, http://www.ribobio.com/siteen/). Then the samples were imaged using an Olympus FluoView FV1000 confocal microscope with a 488-nm excitation laser. To count the number of root tip cells, the primary roots were stained with PI after a fixation step with FAA for 30 min and the root tips were photographed through an Olympus FluoView FV1000 confocal microscope. Then the size of the RAM was determined by measuring the length from the quiescent cells to the first elongated epidermal cells. Afterwards, the number of EdU-labeled cells and the total number of cells in the RAM were counted by the counting tool of Adobe Photoshop CS5 software, respectively. According to the above data, the proportion of EdUlabeled cells was calculated and is shown in Figure 7 (e).
To study the mitotic phase of the cell cycle in primary root tips of partially complemented rfc4-1/-FDA seedlings, 4ʹ,6-diamidino-2-phenylindole dihydrochloride (DAPI) staining was performed as previously described (Li et al., 2017) . The samples were observed under an Olympus FluoView FV1000 confocal microscope with a 405-nm excitation laser. 002907.1), MmRFC4 (NP_663455.1), DmRFC2 (NP_573245. 1), DrRFC4 (NP_999902.2) and CeRFC4 (NP_498521.1).
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